Vanishing Hall Constant in the Stripe Phase of Cuprates 
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The Hall constant Rh is considered for the stripe structures. In order to explain the vanishing 
of Rh in La2- H - :E Nd y Sr :E Cu04 at x — 1/8, we use the relation of Rh to the Drude weight D as 
well as direct numerical calculation, to obtain results within the t-J model, where the stripes are 
imposed via a charge potential and a staggered magnetic field. The origin of Rh ~ is related to 
a maximum in D and the minimal kinetic energy in stripes with a hole filling ~ 1/2. The same 
argument indicates on a possibility of Rh ~ in the whole range of static stripes for x < 1/8. 



PACS numbers: 71.27.+a, 71.10.Fd, 72.15. Gd 

The evidence for the stripe structures 
in La2- a _ K Ndj,Sr :r Cu04 (LNSCO) emerging from neu- 
tron scattering experiments 0] has stimulated in recent 
years numerous experimental and theoretical investiga- 
tions, trying to relate this phenomenon to superconduc- 
tivity and other anomalous properties of cuprates. In the 
commensurate case x ~ 1/8 the stripe structure repre- 
sents spin and charge ordering, i.e., domain walls within 
an ordered two-dimensional antiferromagnet (AFM) with 
the filling of ni = Nh/L = 1/2 hole per unit length 
(quarter filling in the usual band picture) within each do- 
main wall - stripe. Actually, it was shown in the recent 
angle-resolved photoemission spectroscopy experiments 
that the stripes are in the quarter filled state || . In con- 
trast to many other systems showing spin-density wave 
and charge-density wave order at low temperatures, the 
stripe structures in cuprates appear to be metallic jjj. 
This can be explained with charge carriers - holes being 
well mobile along the one-dimensional (ID) stripes. Re- 
cently, a systematic study of LNSCO (y = 0.6) with vary- 
ing doping x Q revealed a striking signature of stripes in 
the behavior of the Hall constant Rh- While for a; > 0.15 
Rh{x,T) is very close to that of the reference doped 
La2_ 2; Sr :E Cu04 (LSCO), Rh appears to be very sensi- 
tive to the structural phase transition between the low- 
temperature tetragonal (LTT) and orthorhombic (LTO) 
phase for x < 0.15. Below the LTT-LTO transition R H 
becomes strongly T and x dependent and it eventually 
vanishes, Rh ~ 0, at T ~ for x ~ 0.12, i.e., in the struc- 
ture with long range stripe order. At the same time the 
anomaly is weakly pronounced in the planar resistivity 

Pab |. 

In the present paper, we investigate Rh in stripe struc- 
tures and in particular a possible explanation for its van- 
ishing. Rh ~ in a conducting system is quite un- 
usual and non universal. For instance, it could hap- 
pen in an ordinary metal due to (accidental) cancella- 
tion of band curvatures or due to band crossings. How- 
ever, cuprates are closer to hole-doped Mott insulators 
where in the reference LSCO a (semiconductor-like) semi- 



classical Rh °c 1/x is followed in a wide range x < 0.2 
at low T. R H ~ in LNSCO at x ~ 1/8 is, on the 
other hand, a very pronounced deviation from the lat- 
ter. Therefore, one can speculate on more fundamen- 
tal origin of this most pronounced macroscopic effect of 
stripes whereby the strong correlations play an essential 
role. The authors [H interpreted the experimental find- 
ing Rh ~ as an evidence for a transport along inde- 
pendent stripes. This requires exclusively ID transport 
and therefore can hardly apply. Hall constant can be ex- 
pressed in terms of planar conductivities a a p in a finite 
magnetic field B as Rh — o- xy /[Ba xx a yy ]. Assuming a 
very anisotropic system with stripes, e.g., along the x di- 
rection and large a xx , it is plausible that a xy scales with 
the weak hopping between stripes. But a yy is expected 
usually to scale in the same way leaving the ratio Rh 
finite. The evidence for the latter behavior can be found 
in the experiments on very anisotropic quasi- ID metals 
which reveal nevertheless quite normal metallic values of 
R H §. 

Another simple interpretation is that in a stripe struc- 
ture with hole filling m = 1/2 we are dealing along the 
single stripe with an equal concentration of holes and 
electrons, leading to the cancellation of a xy while both 
diagonal a aa remain finite. Although it is hard to im- 
prove this argument into a more formal theory, to some 
extent it seems to be closer to our final conclusions fur- 
ther on. 

It is evident that the Hall effect in cuprates ||,|7j , as well 
as in systems with strongly correlated electrons in gen- 
eral, still lacks proper theoretical understanding. This 
applies for most investigated reference cuprate LSCO and 
Rh dependence on T and hole doping rih- While the the- 
oretical formulation of the Hall linear response Rh(uj, T) 
is well established (^,|) , there are very few theoretical re- 
sults and numerical studies for models with strong corre- 
lation in particular in the relevant low T and low doping 
regime |Tof . Recently an approach and a numerical proce- 
dure have been designed which yield for a static d.c. 
Rh at T = (although for a ladder system) the desired 
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result, namely a semi-classical behavior R* H = 1/eoUh 
in a magnetic insulator at low hole doping = N^/N 
(eo being the electric charge) , as found experimentally in 
cuprates [p|, [7|. Moreover, for a reactive (non-dissipative) 
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Rh(T — 0) 1 12 1 it was possible to find an useful relation 
to the variation of the Drude weight (charge stiffness) D 
with the electron density n, 



Rh 
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The latter relation is derived using the non-standard 
limit: u — > first, then q — > 0. Nevertheless, it has very 
attractive properties for the analysis of strongly corre- 
lated electrons: a) D at T = is the central quantity dis- 
tinguishing the Mott-Hubbard insulator from a conduc- 
tor, b) close to the Mott insulator D oc n/, = 1—n directly 
implies a plausible semi-classical result R* H = 1/eoTi/j, 
which is hard to be established by other methods. While 
so far the relation has not been justified for the gen- 
eral case in the proper transport limit (q —> first, then 
lu — -> 0) it appears to be valid for a strongly anisotropic 
system where D = D aa should be taken along the most 
conducting direction a |D| . 

There is also a qualitative similarity of the relation (|l|) 
with the proposal in Ref. |Q where the authors correlate 
Hall (B > 0) conductivity a xy with the doping depen- 
dence of the kinetic energy, i.e., d(K)/dn. Note that in 
a (tight binding) strongly correlated system K and D are 
related through the sum rule 
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where a reg is the regular part of the optical conductivity 
and K aa involves only the hopping in the a direction. 

Theoretical modeling of stripes in cuprates has proven 
to be quite delicate just due to their n; = 1/2 filling and 
metallic character. Stripe solutions of relevant (Hubbard 
and analogous) models within simplest mean-field ap- 
proximations generally show a tendency towards n; = 1 
filling and an insulating behavior. More recently exten- 
sive numerical analyses within the relevant t-J model |lq ] 
confirm the relative stability of metallic stripes at com- 
mensurate doping n/i = 1/8. These results and other 
approaches |l6|-|T8|] all indicate a crucial interplay of the 
hole kinetic energy and the spin Heisenberg interaction 
in metallic stripes, both being crucially related to strong 
electron correlation. 

Equation (Q) suggests an explanation of Rh ~ in 
x = 1/8 stripes, namely that D(n) is a local maximum 
for ni = 1/2, this being closely related to the minimum 
kinetic energy (K) in this configuration. In order to 
support this conjecture we perform a numerically exact- 
diagonalization study of D and Rh within the prototype 
t-J model, 
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where no double occupancy of sites is allowed. In nu- 
merical studies we use J/t = 0.4 to be in the strong- 
correlation regime relevant to cuprates. 

Since studied systems are too small to inherently re- 
produce stripes, we impose them through an attractive 
hole potential V along the stripe |L7| and the staggered 
field h{ — ±h forming an AFM phase boundary across 
the stripe HQ, 



(4) 
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FIG. 1. Drude weight D xx /t as a function of doping nj, 
calculated for a 4 x 4 system with p.b.c, where the stripes 
are imposed in the x direction, for various stripe potentials V 
and staggered fields: (a) h — and (b) h — 0.4 t. 

First we consider numerically a system with N = 4 x 4 
sites and periodic boundary conditions (p.b.c.) in both 
the x and y directions. Two stripes are imposed along 
the x-direction with the inter-stripe distance do = 2. 
D xx = D in such a system can be evaluated by intro- 
ducing a flux through the torus modifying t — > = 
t exp[i9(xi — Xj)] to find an absolute energy minimum 
E°(8) at 8 — 6q and then by taking the second deriva- 
tive, i.e., D = {l/2N)d 2 E Q {6)/d0 2 \ e=eo . In Figs. 1(a) 
and (b), we present results for D as a function of hole 
doping nt- L (only even Nh are considered) and various 
stripe potentials V, without the staggered field h = 
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as well as with h/t — 0.4. Two limits for D(nh) are quite 
easy to understand. For V — we are dealing with a ho- 
mogeneous 2D t-J model where D reaches maximum at 
rih ~ 0.5. On the other hand, for large V ~S> t holes are 
localized to a ID motion within each stripe. As in ID, 
D then reaches the maximum for stripe filling rii = 1/2, 
i.e., for n h = l/(2rf ) = 0.25 (while D ~ for m ~ 1). 
Using Eq.(|l|) in the latter case clearly leads to Rh ~ 
for stripes at ni = 1/2. Our results in Fig. 1(a) suggest 
that the maximum remains pronounced also for far more 
modest V > t. The introduction of the staggered field 
h, as shown in Fig. 1(b), enhances but also flattens the 
maximum which is visible now even at V/t ~ 0.5. 
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FIG. 2. Kinetic energy {—K xx )/2Nt vs. n h for a 4 x 4 
system with various V/t at ft = 0. 

For comparison we present in Fig. 2 the related vari- 
ation of {—K xx } with rih- We notice that in analogy to 
D there is a maximum at ni <~ 1/2, however well pro- 
nounced only for larger V/t whereby (K xx ) is also less 
sensitive to h. 

By considering the t-J model with open boundary con- 
ditions (o.b.c.) in the y direction, i.e., on a ladder system 
N = L x M, one can study Rh even more directly [ pr| . 
If we introduce the Hall electric field in the y-direction 
as H/\ — A^.(j/j — y)rii as well as the magnetic field 
B = tp/eo perpendicular to the planar system entering 



the hopping — * tijexp[itpyi(a 



/)], we can express 



Rh in terms of derivatives of the ground state E°(6, A, tp) 
with respect to external fields [O 
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where derivatives should be taken in general at 8 = 9q, 
where E° is minimum. 

For a reasonable application of Eq. (|^) , a system with 
L > M is required. We therefore restrict our numer- 
ical calculations to a 6 x 3 system with o.b.c. in the 
M direction, where a single stripe is introduced via H st , 
Eq. (|J) , in the middle leg. The situation with stripe filling 
ni = 1/2 here corresponds to = 3 holes in the sys- 
tem. Odd Nh has some disadvantage leading in general 



to 6*o ^ and also to near-degenerate states at V = 0. 
As a reference for V = one should expect at low dop- 
ing nh <C 1/2 the semi-classical behavior R* H ~ 1/eon^, 
which has been in fact qualitatively reproduced using 
the same method |ll]]. In Fig. 3 we present the results 
for Rnini) as they develop with the attractive poten- 
tial V > 0, already in the presence of small stabilizing 
h = Q.lt. From results it is evident that for V ^> Hall 
constant is suppressed \Rh\ -C R* h for ni = 1/2 but as 
well in a wider range of stripe filling ni ~ 1/2. On the 
other hand, at lowest doping rih = 1/N we find large 
\Rh\ ^ 1 (even changing the sign) which is an indica- 
tion that the system is close to an insulator with small 
D xx oc Eg g and consequently very sensitive Rh due to 
Eq.(||). Results in Fig. 4 show the effect of h on Rh for 
fixed ni = 1/2. We observe a systematic decrease of Rh 
with h, and consequently Rh ~ <C even at quite 
modest V/t. 




FIG. 3. Hall constant eoRn vs. stripe filling m for a 6 x 3 
ladder system for fixed h = O.lt and various V/t. Solid curve 
represents the semi-classical result R* H = 1/eonh- 

Similar conclusions can be reached following D(ni) for 
the same 6x3 system, as presented in Fig. 5 for h — 0.4 t. 
D develops from quite monotonously increasing function 
of doping (with some finite-size even-odd effect in Nh) at 
F ~ 0, /i ~ to a dependence with a broad maximum 
around n; ~ 1/2 for larger V and h, as seen in Fig. 5, 
consistent with the vanishing of Rh through Eq. (Q) . Such 
a broad maximum is also in accord with results on the 
4x4 system in Fig. 1. 

Let us return in conclusion to the relevance of above 
results to the physics of LNSCO. Our calculations con- 
firm that stripe structures with filling rii = 1/2 indeed 
have Rh ~ 0, due to a maximum D xx closely related 
to minimum hole kinetic energy in such configurations. 
Such a result should be directly relevant to the commen- 
surate case, e.g., x = 1/8 with the inter-stripe distance 
do = 4 in LNSCO. In our study we however evaluate only 
Rh and D(nh) imposing static stripes corresponding to 



3 



fixed do between stripes, so we can only conjecture the 
behavior in the regime around the commensurate val- 
ues of x. Going beyond x > 1/8 in LNSCO the stripes 
are not static (and finally disappear above the LTT-LTO 
transition) so our assumption of the broken symmetry is 
not justified any more. One can argue that the loss of 
the (nearly) long range stripe order leads to the situation 
closer to normal phase, i.e., to an increasing D(nh) and 
hence to Rh > approaching the behavior Rh ~ R* H in 
the reference LSCO. In fact already our results in Fig. 3 
indicate that Rh > for ni > 1/2. On the other hand, 
for x < 1/8 experiments reveal quite static stripes with 
an incommensurate spin density modulation correspond- 
ing to do — 2/x. Following our results and arguments at 
fixed do and for the spin ordering induced by the stag- 
gered field h we would again expect maximum D(rih) 
and consequently Rh ~ at the specific stripe filling 
ni = 1/2. Therefore one can speculate that Rh ~ per- 
sists in the whole regime of static stripes. This would be 
definitely a very peculiar and striking novel phenomenon, 
to be resolved by experiments which have so far not been 
performed in LNSCO well below x < 0.12. 
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FIG. 4. eo-Rsr vs. h/t for a 6 x 3 ladder system for fixed 
stripe filling m = 1/2 and various V/t. 
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FIG. 5. D xx /t vs. n ; for a 6 x 3 ladder system for fixed 
h/t — 0.4 and various V/t. 
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